Observation of asymmetric spectrum broadening induced by silver nanoparticles in a 

heavy-metal oxide glass 
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We demonstrate experimentally and support by a theoretical analysis an effect of asymmetric 
spectrum broadening, which results from doping of silver nanoparticles into a heavy-glass matrix, 
90(0.5WO 3 -0.3SbPO 4 -0.2PbO)-10AgCl. The strong dispersion of the effective nonlinear coefficient 
of the composite significantly influences the spectral broadening via the self-phase modulation, 
and leads to a blue upshift of the spectrum. Further extension of the spectrum towards shorter 
wavelengths is suppressed by a growing loss caused by the plasmon resonance in the silver particles. 
The red-edge spectral broadening is dominated by the stimulated Raman Scattering. 
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Dielectric composites containing metal nanoparticles 
(MNPs) have been intensively studied for the last two 
decades (see, e.g., Refs. [IH2]), as they play a central 
role in the rapidly growing fields of nano-optics and plas- 
monics. The interaction between light and MNPs is dom- 
inated by charge-density oscillations on the closed surface 
of the particles, alias localized plasmon resonances, and 
leads to a strong field enhancement in the MNP's near 
field. To mention just a few applications of such sys- 
tems, localized plasmons allow greatly increased signal 
strengths in the Raman spectroscopy and surface spec- 
troscopy, enabling the detection of single molecules [4], 
significant enhancement of the emission rate of fluores- 
cent molecules and quantum dots [5] , and the direct gen- 
eration of high harmonics by nJ pulses produced by a 
laser oscillator, without the use of amplifiers [6 . The 
property of MNPs which is most important for applica- 
tions to nonlinear optics is their large intrinsic nonlin- 
earity coefficient. Far from the plasmon resonance, the 
third-order susceptibility of silver MNPs in the nanopar- 
ticle composite is about seven orders of magnitude higher 
than in the host material [7HTT]. Since the local electric 
field in MNPs is enhanced at the plasmonic resonance, 
the nonlinear response of the metal can be additionally 
significantly amplified as the wavelength shifts towards 
the resonance. 

The generation of coherent white light (or supercon- 
tinuum generation) in microstructured fibers by fs and 
ps pulses has attracted a great deal of attention and 
found many applications (see review [12]). Recently, 
much effort has been devoted to decrease the power or 
energy threshold necessary to generate octave-spanning 
spectra by reducing the relevant diameters to the sub- 
micron scale [13 or using nanowires made of materials 
with high nonlinearities [14] . The reduction of the power 



threshold is particularly important for the realization of 
cost-effective and compact SC sources. An alternative 
approach to lowering the threshold condition for nonlin- 
ear processes is the utilization of composites containing 
MNPs. Previously, white-light generation in nanometer- 
scale antennas related to photoluminescence [15], and in 
colloidal MNP systems synthesized by means of ablation 
[T6] were reported. Additionally, a relatively small spec- 
tral broadening in aqueous colloids with very low filling 
factor was observed [17] • In recent works, a mechanism 
of the wavelength-dependent nonlinearity in aqueous col- 
loids [T7J [18] , and in silica glasses volume-doped by silver 
MNPs, was studied, and it was predicted that it can lead 
to the generation of supercontinuum [TTl [19] and solitons 
[20] . In the present Letter we produce an experimental 
evidence of asymmetric spectral broadening due to the 
presence of nanoparticles in composites based on WO3 
host glass, and support these observations by extended 
numerical calculations. 

The synthesis of the glasses was carried out by melt- 
ing 99%-grade-purity materials WO3, PbO, AgCl from 
Aldrich, and SbP04 prepared as in Ref. [21] in a plat- 
inum crucible kept in an electrical furnace during 30 
minutes at 1100°C. After homogenization, the melt was 
cooled to 950°C, left at that temperature for 5 minutes, 
and then cast into a brass mold, pre- heated to 400° C. 
Glass pieces were left for annealing at that temperature 
during four hours to reduce thermal stresses, and then the 
furnace was turned off and cooled to the room temper- 
ature under its natural cooling rate. Silver MNPs were 
implanted by heat treatment of the glass sample under 
normal pressure for two hours at 450° C. 

The size distribution and shape of silver MNPs have 
been determined by means of the transmission electron 
microscopy (TEM). The particles demonstrate a quasi- 
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spherical shape, as it is can be observed in the TEM 
image in the inset to Fig. [IJa). The result of the MNP 
analysis for the size distribution is presented in Fig. [IJa), 
giving the mean diameter around 6 nm. The absorption 
spectrum of the annealed sample in Fig.l (b) demon- 
strates a new absorption shoulder at ~515 nm, in com- 
parison to the "as prepared" glass composition, which 
is attributed to the surface plasmon resonance of silver. 
The strong red-shift of the resonance in this case is ac- 
counted for by the high linear refractive index of glass 
matrix, n ~ 2.11. 
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FIG. 1: (Color online) (a) Size distribution silver nanoparti- 
cles determined by transmission electron microscopy (TEM). 
A quasi-spherical geometry as demonstrated in TEM image 
(inset), (b) The absorption spectrum of the annealed sample. 

A Ti: sapphire-based laser system, generating 30-fs 
pulses centered at 800 nm with up to 3 mJ energy, was 
used in the experiment. The spatial profile of the output 
beam was measured to be Gaussian with quality param- 
eter M 2 close to 1. The diameter of the laser beam was 
reduced with a use of a 1:3 telescope to 5 mm at the 1/e 



level. The beam's power was attenuated by a factor of 
10 with the help of a rotating optical chopper, to avoid 
thermal effects in the samples. The 2 mm thick WO3 
glass samples, both doped with the silver MNPs and 
pure ones, were placed between a pair of mirrors, intro- 
ducing dispersion of —40 fs 2 per bounce, to compensate 
the material dispersion of the glass matrix and prevent 
the distortion of the pulse in the temporal domain. The 
mirror-pair was also used to arrange additional passes 
of the pulses through the samples, by adjusting the rel- 
ative position of the mirrors. It was not reasonable to 
perform more that four passes through the silver-doped 
sample because of a relative low single-pass transmissiv- 
ity of 70%, which is mostly determined by high losses due 
to the reflection from uncoated glass surfaces, with the 
respective refractive index n > 2, and by imperfections 
of the surfaces. The spectrum of the transmitted beam 
was measured using an intensity-calibrated spectrome- 
ter (AvaSpec-2048 190-1100 nm), after attenuating the 
Fresnel reflection from the fused silica edge. 

If both the average distance between the MNPs and 
their size are much smaller than the wavelength of light, 
the effective- medium description, based on the Maxwell- 
Garnett model, can be applied to spherical particles with 
uncorrelated positions, up to relatively large values of 
the filling factor, / < 0.2. In this model the effective 
dielectric constant of the composite is given by e e ff = 
e h (l + 2<r/)/(l - af) with a=(ei- e h )/{ei + 2e h ). Here 
€h and €{ are the dielectric permittivities of the host and 
of the MNPs, respectively. The dielectric permittivity of 
WO3 glass is = 4.2 at the central operating wavelength 
of 800 nm. For the dielectric permittivity of the silver 
MNPs we use the known polynomial approximation [22] : 
Q = £r + with 

= -2.037181 x 1(T 17 A 6 + 1.183540 x 10" 13 A 5 
-2.537882 • 10" 10 A 4 + 2.430043 • 10" 7 A 3 
-1.420089 • 10" 4 A 2 + 8.990214 • 10" 4 A + 8.526028, 

ej = -2.327098 • 10~ 17 A 6 + 1.471828 • 10~ 13 A 5 
-3.635520 • 10" 10 A 4 + 4.530857 • 10" 7 A 3 
-2.946733 • 10" 4 A 2 + 9.56229 • 10" 2 A - 11.49465. 

For the filling factor of the sample used in the ex- 
periment, / = 1.2 x 10 -4 , the group- velocity-dispersion 
coefficient at 800 nm is (3"(u) = d 2 k eE /duj 2 = 0.0063 
fs 2 //im, where k e f? = n e ^(u)u/c and n e ^(uj) = ^/e^ff, 
and the linear-loss coefficient is a = Im{fc e ff(o;)} = 
1.76 x 10 -4 /im -1 , c being the light velocity in vacuum. 

Both the dispersion and losses strongly increase as the 
plasmon resonance is approached (see particular curves 
in Ref. [19 ). For the filling factor / = 1.2 x 10~ 4 the 
dispersion length is few cm, while the effective propaga- 
tion length and nonlinearity length are few mm, hence 
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the dispersion effect is negiigible. For sphericai MNPs, 
the effective third-order susceptibiiity is [23] 
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with P = (1- fa)(ei + 2e h )/3e h , and a = (e» -e/i)/(e» + 
2e^), as above. The susceptibility of the host glass is 
taken to be Xh ~ 1-1 ' 10 _21 m 2 /V 2 , which is close to 
values reported for heavy glasses of the same class [24] . 
which are typically five times higher than the susceptibil- 
ity of silica glasses. We use the experimentally measured 
value xi 3 g = (-6.3 + 1.9i) • KT 16 m 2 /V 2 [7 for the sus- 
ceptibility of silver nanoparticles. The nonlinear suscep- 
tibility of the composite, calculated at the central oper- 
ation wavelength of 800 nm, is x e ^ — (— 1.8 + 0.36i) • 10 
-20 m 2^y2 gtrong intrinsic nonlinearity of the 

MNPs tends to make the effective nonlinearity of the 
composite self-defocusing. Even far from the plasmon 
resonance, the magnitude and sign of 712(00) in the com- 
posite strongly depend on the frequency, as shown in Fig. 
[2] The sign changes to the self-focusing around 1020 nm, 
similar to what was reported in Ref. [19 , which is far 
away from the spectral range discussed below. 




FIG. 2: (Color online) Nonlinear properties of the heavy 
glass composite with silver nanoparticles. Shown are real 
and imaginary parts of the nonlinear coefficient, 712(00) = 

3Xeff/( 4ce effe ). 



To simulate the propagation of the optical pulse 
through the composite, we use the generalized nonlinear 
Schrodinger equation [25] for amplitude A of the elec- 
tric field. This model takes into account the frequency 
dependence of the nonlinearity, dispersion of all orders, 
and the temporal delay caused by the stimulated Raman 



Scattering (SRS): 

dA 

~dz~ ~ 



+i^(oo) 



m \ g r m 2 
A\ 2 -T R ^)A. 



rn>2 



(2) 



Here z is the propagation distance, r the time in the ref- 
erence frame traveling along with the pump light, f3 m the 
m-th order dispersion coefficient at the central frequency, 
and a the linear loss. The nonlinear coefficient is given by 
j(oo) = 712(00)00 / (cA e ft ), where 712 is the nonlinear refrac- 
tive index of the composite and A e R the effective mode 
area. Since the value of the SRS temporal delay in our 
glass species was not found in literature, it was chosen 
by fitting to empirical data, Tr = 0.32. 

The experimentally measured spectrum in the case of 
the double propagation (z = 4 mm) of the optical pulse 
with energy of 1.57 mJ through the composite contain- 
ing silver MNPs is presented in Fig. [3] by the solid red 
curve, together with the spectrum of the same pulse prop- 
agated through the host glass, but without nanoparticles 
(dashed blue curve). Additional curves demonstrate the 
numerically calculated spectra, including (dot-dashed or- 
ange curve) and excluding (dotted blue curve) the Raman 
term in Eq. 




FIG. 3: (Color online) The experimentally measured spectral 
broadening after the 4 mm-long propagation through the com- 
posite sample with and without the nanoparticles (the solid 
red and dashed black curves, respectively). The numerically 
evaluated spectrum, with the Raman term taken into regard, 
is shown by the dot-dashed orange curve, and the one without 
the Raman term by the dotted blue curve. 

In Fig. [3j one can clearly observe an asymmetry in 
the spectral broadening. The short-wavelength exten- 
sion of the spectrum originates from the increase of the 
magnitude of the nonlinearity as the wavelengths de- 
crease toward the plasmon resonance, in accordance with 
the theoretical prediction [19] . The additional long- wave 
lower shoulder of the spectrum arises from the SRS shift. 
Comparing the two numerical curves, one concludes that 
the inclusion of the SRS effect, which was not consid- 
ered in the previous analysis reported in Ref. [19] , im- 
proves the qualitative and quantitative agreement with 
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the experimental results. To study the dependence of 
the spectral broadening on the injected energy, pulses 
with different values of the peak power were subjected to 
the double propagation through the sample. The more 
powerful pulses were injected, the more manifestations of 
the nonlinear effects in the spectral broadening was ob- 
served, as demonstrated in Fig. 4. However, the use of 
2m J pulses leads to optical damage of the sample. Addi- 
tional experiments were performed to establish an opti- 
mal propagation length for the pulse broadening. After 
the single propagation through the glass composite, some 
initial broadening was observed. The spectral broaden- 
ing reaches its saturation after the double propagation 
through the sample (z = 4 mm), with very little change 
observed after additional propagation cycles. 
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FIG. 4: (Color online) The spectral broadening after the 4 
mm long propagation through the composite sample with the 
nanoparticles, for different energies of the input pulse. The 
shaded spectrum represents the propagation through the host 
glass without nanoparticles. 

In conclusion, we have demonstrated the asymmetric 
spectral broadening of the transmitted light pulses due to 
the presence of silver nanoparticles in W03-SbP04-PbO 
host glasses. The composite exhibits the strong wave- 
length dependence of the effective nonlinear coefficient, 
which dominates the shape of the spectral broadening via 
the self-phase-modulation and leads to the blue spectral 
upshift. The red wing of the spectrum is induced by the 
Raman self-frequency shift. 

M.S. thank J. M. Caiut for the help with analysis of 
TEM images. 
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Figures captions 

Fig.l (a) Size distribution silver nanoparticles deter- 
mined by transmission electron microscopy (TEM). A 
quasi-spherical geometry as demonstrated in TEM im- 
age (inset). (b)The absorption spectrum of the annealed 
sample. 

Fig. 2 Nonlinear properties of the heavy glass com- 
posite with silver nanoparticles. Shown are real and 



imaginary parts of the nonlinear coefficient, 712(00) = 
3 X $/(4ce eff e ). 

Fig. 3 The experimentally measured spectral broaden- 
ing after the 4 mm propagation through the composite 
sample with and without the nanoparticles (the solid red 
and dashed black curves, respectively). The numerically 
evaluated spectrum, with the Raman term taken into re- 
gard, is shown by the dot-dashed orange curve, and the 
one without the Raman term by the dotted blue curve. 

Fig. 4 The spectral broadening after the 4 mm propa- 
gation through the composite sample with the nanoparti- 
cles for different energies of the input pulse. The shadded 
spectrum represents the case of propagation through the 
host glass without nanoparticles. 



